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The symposium whose papers are abstracted here was the 
fourth in a series held alternately at Kansas State Univer-
sity and the University of Nebraska-Lincoln. Requests for 
further information on projects conducted at Kansas State 
should be directed· to Professor L. E. Erickson and on those 
at Nebraska to the editor. 
Attending the symposium were Larry E. Erickson, Kenneth 
.H. Hsu, John c. Heydweiller, Robert Shipman, Ashok Jain and 
Dennis Stephen from Kansas State and Peter J. Reilly, 
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INTRODUCTION 
ESTIMATING ORGANISM SEDIMENTATION IN 
TOWER-TYPE ACTIVATED SLUDGE SYSTEMS 
John C. Heydweiller 
Department of Chemical Engineering 
Kansas State University 
Manhattan, Kansas 66506 
1 
Sedimentation of orgynisms in cocurrent tower fermentors has been 
reported by Prokop et al. and Kitai et al.2 Although no experiments 
on sedimentation in activated sludge tower systems have been reported, 
Lee et al.3included sedimentation in their model by employing a para-
meter relating the organism concentration at the top of a stage to the 
average organism concentration in that stage. This parameter was 
treated as a constant for all tower stages. 
In this report, two sedimentation parameters will be calculated 
for each stage by using the dispersion model to characterize the flow. 
The two parameters will relate the organism concentrations at the top 
and bottom of a stage to the average concentration in that stage. The 
degree of sedimentation in each stage will depend on the organism con-
centration as well as the size and flow characteristics of the stage. 
MODEL OF TOWER-TYPE ACTIVATED SLUDGE SYSTEM 
The tower-type activated sludge system to be optimally designed 
is shown in Figure (1). For simplicity, only three stages are drawn 
since any additional stages would be identical to the middle stage. A 
typical stage with flows indicated is shown in Figure (2). 
The dispersion model for a reactant is given by: 
d2C dCA A 
r = 0 (1) E--- U-+ 
di:2 dz A 
For the tower-type activated sludge system, the reaction is the growth 
of organisms. The kinetics of this growth follow the Monod equation 
(with endogenous term).4 
dX 
n 
dt = 
]..1 S X 
max n n 
K + S 
s n 
- k X d n (2) 
The characteristic organism velocity is the upward velocity of the 
organisms by bulk fluid flow minus the settling velocity of the organ-
isms. The latter has been reported by Dick and Javaheri5 to be a function 
of organism concentration. Analysis of their data leads to an equation 
of the form 
U (X) 
s 
-bX 
ae (3) 
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The dispersion model for organisms in stage n of the tower is given 
by: 
ix 
E _ ____.!!_ - [ U - U (X ) ] d} n s n 
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This eq~ation can be made dimensionless by introducing the following 
constants and variables: 
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(5) 
contains the Peclet number, Pe, as a parameter. Ghai6 reported experi-
mental data on salt tracer concentration as a function of time in a 
tower fermentor stage. Analysis of this data gives a Peclet number of 
1.5 which is between 0 for one completely mixed tank and 2.6 for two 
completely mixed tanks in series. 
Equation (5) is a non-linear, second-order differential equation 
which cannot be solved analytically. It would be time consuming to 
numerically solve this equation for each set of independent variables 
generated in a direct search routine for the optimal system design. An 
estimate of the sedimentation can be obtained by solving a related form 
of the equation linearized about the average organism concentration. Note 
that fixing the average organism concentration in a stage also fixes the 
average substrate concentration. 
1 
Pe - [1 -
U (<Y >) 
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u 
n 
dY 
_...!!_ + 
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L p 
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---
u 
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<Z > 
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n 
(6) 
0 
This linearized form of the equation is a linear, second-order differential 
equation which can be solved analytically with the proper choice of two 
boundary conditions. 
Figure (3) shows the entrance region to a stage. An organism 
balance for this region is given by: 
0 xo + f (O+) X (0+) (0+) X (0+) - f (0) X (0) qn n n n qn n n n 
2 2 dX 
+ TID u X (0+) + 1rD E __!!_ 0 (7) 4 s n 4 dz £ 
3 
where 0 < £ < 0+. After rearranging and letting + 0 approach 0, the equation 
becomes 
dX 4 0 [X (0) - Xo] 
E _____1! 
qn n n 
- u X (O) (8) dz 2 s n 0 7T D 
Replacing U by U (<X >) and introducing the dimensionless variables leads to 
s s n 
d dY 
n n 
---
Pe dl 0 
y (0) 
n 
(9) 
The second boundary condition to be used requires that the average 
organism concentration calculated from the solution to equation (6) must 
correspond to the specified average organism concentration (i.e., the 
value about which the equation is linearized). 
L 
I X (z) dz 
0 n <X > L n 
J dz 
0 
In dimensionless form, this becomes 
1 
J 
0 
y (R.) dQ. 
n 
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(10) 
(11) 
There are three possible solutions to equation (6) depending on the 
values of the constants. Let 
1 
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A computational problem arises in equation (17) when y approaches zero. 
For this special case, 
The sedimentation parameters for each stage, o and E: , are calculated 
from the following definitions. n n 
y (1) 
0 n 
-
----
n <Y > (19) 
n 
<Y > 
n 
E ,, ---
n y {0) 
n 
(20) 
Both o and £ have values between zero iind one. The organism concentrations 
requirgd for ~low balances between stages are given by 
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y 0 <Y > 
n n n 
(21) 
<Y > 
y n 
n £ 
(22) 
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CONPUTATIONAL SCHEME 
Initially, o and £ are set at arbitrary values. For a given set 
of independent va¥iables~ the average organism concentration and liquid 
volume of each stage and the flow rates are calculated. Based on the 
gas hold-up data of Prokop et al. 1 , the liquid volume is assumed to be 
seventy percent of the actual volume of each stage. To be consistent with 
the geometry used in estimating the Peclet number, the length is chosen 
to be twice the diameter. From the liquid volume and flow rates, L and 
U can be computed. Equation (6) is then solved to predict new values of 
on and £ • With these new values, the design calculations are repeated. 
Ngw valugs of o and c are computed from those results. This iterative 
procedure is coGtinuednuntil there is no significant change in the 
sedimentation parameters. 
SPECIAL NOTATION 
S0 substrate concentration in feed stream 
<X> average value of X 
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Table 1. Kinetic and Settling Velocity Parameters 
j.l -1 
max= 0.1 hr. 
K = 100.0 mg. /1. 
s 
kd 0.002 hr. 
-1 
= 
a 6.42 m./hr. 
b 0.000379 _!_:.._ 
mg. 
-------------------------------·-------- -· ------·· 
I. 
II. 
Table 2. Constants for Equations (15) to (18). 
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PROPERTIES AND UTILIZATION OF SMALL PARTICULATES 
IN CATTLE MANURE 
Raymond C. Eliason 
Department of Chemical Engineering 
University of Nebraska-Lincoln 
Lincoln, Nebraska 68508 
10 
This report is of a NSF Student-Originated Studies 
Project conducted during the summer of 1973 by a group of 
seven undergraduates, three from Nebraska and one each from 
Iowa State, Kansas, Colorado, and Colorado State. The objec-
tive was to contribute to the development of a process for 
the utilization of cattle manure. This proce.ss would be 
based on vibrating screen filtration of slurried manure, 
producing a refeedable silage-like filter cake and a filtrate. 
The project group's efforts were directed mainly at the 
filtrate fraction, to characterize it in order to suggest 
possible methods of utilization. The University of Nebraska 
Department of Agricultural Engineering operates a pilot 
facility, a housed feedlot (200 head capacity) from which the 
filtrate was obtained, along with samples of unfiltered 
slurry and fresh manure. The materials were transported to 
the lab in five-gallon carboys and if not intended for immedi-
ate use they were refrigerated. 
Areas of investigation can be separated according to 
whether they dealt with determining filtrate properties or 
with examining a possible method of utilization. More 
specifically, the former category includes a series of 
routine chemical analyses on the raw materials, an examina-
tion of the viscosity and density of the filtrate, and a 
particle size determination. The latter category includes a 
field test of fertilizer quality, filtration experiments, 
sedimentation experiments, examination of chemical coagulants, 
fermentation experiments, and feeding trials. 
The chemical analyses were based on standard methods 
developed for the determination of waste water and/or soil 
samples. Many of the procedures were performed by one of 
the participants in a USDA-associated analytical laboratory 
run by the Department of Agronomy, following routine tech-
niques developed by the lab. Procedures performed were the 
following: %dry matter, nitrogen {Kjeldahl, NH4 , and N03), 
ash, chemical oxygen demand {COD), pH, conductivity, 
phosphorus, micronutrients (Na, K, Ca, Mg, Fe, Mn, Cu, Zn) and 
amino acids. Average values for the most important quantities 
are presented in Table I along with the standard deviations. 
Viscosity and density of the filtrate were determined in 
order that design calculations could be made. Density and 
11 
heat capacities were found to be for all practical purposes 
the same as for water. Viscosity, on the other hand, varied 
considerably from that of water. It was measured both as a 
function of temperature {13.5-39°C) and of composition 
(2.5-10.0% dry matter). Results using a Stormer viscometer: 
values 8-10 times that of pure water for the 'normal' {5%) 
concentration, ca. 30 times higher at 10% dry matter, and 
4-6 times higher at the lower concentrations (2.5-3.3%). The 
viscosity measured at lower concentrations was fairly 
constant with temperature, much more so than pure water. 
Centrifugation of filtrate {for max. 24 hrs) resulted in 
three distinct layers. The range of particle sizes in each 
layer determined with a Coulter aperture and associated 
electronic equipment and the per cent of total dry matter 
were 0-5~{35-40%), 34-50~{24-28%) and 79-96~{33-40%). 
The fertilizer quality comparison between filtrate and 
the unfiltered slurry was carried out on eighteen 10' x 10' 
test plots which were planted to an early maturing forage 
corn. The recommended level of chemical fertilizer was 150# 
nitrogen/acre. Treatment rates used were: chemical ferti-
lizer {KNOJ)--150# Njacre; filtrate--150, 450, 900, 1800 and 
3600# N/acre; slurry--BOO, 1600 and 3200# N/acre. In general, 
filtrate proved to be a moderately available fertilizer, with 
high plant uptake of nitrogen and good yield at 450 and 900# 
N/acre, but also with severe salt burning in low spots and at 
higher application rates. On the other hand, unfiltered 
slurry proved quite inocuous with only slight NH3 toxicity at 
3200# N/acre, and no burning. Yield performance of slurry at 
all rates was comparable to the chemical fertilizer control, 
and post-harvest soil nitrate was higher. Use of filtrate as 
fertilizer can be effective, but will require greater caution 
than use of unfiltered slurry. Also, high rate land applica-
tion as a vehicle for disposing of large quantities of manure 
·will pertain much more to the slurry than to the filtrate. 
Vacuum filtration experiments were carried out in the 
laboratory using undiluted, unfiltered manure and a Buchner 
funnel fitted with a 64 mesh stainless steel screen. The 
manure is slurried and then run through the filter, using a 
vacuum of lOOmrn Hg. Filtrate volume (and from this filtra-
tion rates) was measured as a function of time, and curves 
obtained were seen to divide into three distinct regions. In 
the first 20 seconds the filter resistance was controlling, 
and the filtration rate was very high, allowing a filter cake 
about 3mrn in thickness to build up. The next 8 minutes was a 
transition period, and after that the filter cake resistance 
became controlling and the filtration rate was very low. A 
design calculation, based on a 10,000 head feedlot and a 12 
hour operating day, was made for a rotary drum vacuum filter 
with an effective filtration time of 20 seconds, i.e., just 
in the time region where filter cake resistance is not 
significant. The required filter area would be on the order 
12 
of 500 ft2, but would vary considerably depending on assump-
tions made. Such a filter would have a capital cost 
(including mixing tanks, feed tanks, and pumps} of $65,000-
125,000. This still would be a relatively small investment 
per head capacity. 
The apparatus for the sedimentation experiments was a 
pyrex column 4° i.d. x 8' total depth. It was filled with 
filtrate at the beginning of a run, and samples were drawn at 
selected time intervals through five 2mm capillary tubes 
which extended from the top of the column down to five evenly 
spaced test depths. The effect of filtrate dilution was 
examined. Filtrate concentrations were 1.7, 3.4 and 5.6% dry 
matter. Higher concentrations were not possible as the 
apparatus could not pull out samples. A group of three runs 
were made, each over a one week period, and for each initial 
concentration the per cent reduction in concentration was 
plotted as a parameter against time and depth of the sample. 
This parameter can be graphically integrated with respect to 
depth at any given time to obtain the per cent of the initial 
dry matter above a given depth which had settled below that 
point. After 24 hours, there were 23, 5 and 2% of the solids 
settled past the 6' depth for the 1.7, 3.4 and 5.6% concentra-
tions, respectively. The 48 hour results-- 33,·8 and 5%. 
The 120 hour results -- 34, 15 and 13%. Compaction was found 
to be reduced as the filtrate became more dilute. One can 
say that slow hindered and flocculent settling did occur, but 
the apparent increased settlability of the 1.7% material is 
offset largely by the dilution effect and lower compaction. 
A broad spectrum of chemicals and commercial coagulants 
were tried on the filtrate, including FeCl3, Ca(OH}2, H2so4, ~OH, Al2(S04} 3 and various anionic and cationic 
polyelectrolytes. The best results were obtained using C-5, 
a polyelectrolyte made by Rohm and Haas at the 10% level 
based on dry filtrate. Compaction of the sediment was actually 
less than for no treatment, but the proportion of the dry 
matter which was in the sediment was much higher. This treat-
ment level would, however, be too high to be economic for 
practical usage. 
Fermentation of the filtrate was carried out using a 
S-liter benchtop fermenter. This was a non-sterile batch 
operation, growing the organisms already present in the 
filtrate, and amounted to little more than an aeration proced-
ure at constant temperature (37°C). Eight runs were made, 
with residence times varying from 24 to 120 hours. Excessive 
foaming characterized the fermentation, and a high level of 
antifoam was required-~silicon at no less than 5% of the dry 
filtrate weight. On a silicon-free basis, the fermentation 
product varied from the initial filtrate in these respects: 
10-15% reduction in total dry matter.; 95% reduction in NH4, 
more than half of which was assimilated into protein, corres-
ponding to a 20% reduction in Kjeldahl nitrogen and increase 
13 
to ca. 40% (from 30%) in the organic protein~ some N0 3 production~ 42-53% reduction in COD~ and greater digestibil-
ity. This crude fermentation improves the feeding value and 
dewatering characteristics of the filtrate at a relatively 
low cost because of non-sterility. The major problems are 
combatting foam and obtaining FDA approval to feed this 
unidentified myriad of organisms. 
The feeding trials were predicted on in vitro measure-
ments using an artificial rumen technique used by the Depart-
ment of Animal Science. In vitro dry matter disappearance 
(IVDMD) is an index of digestibility. Results for the fil-
trate itself: 72% if wet sample is used, 54-61% for dried 
samples. IVDMD was also determined for five different feed-
stuffs which had been ensiled with either water, filtrate, or 
filtrate chemically treated (NaOH, Na202) for 14 days. Use 
of filtrate as opposed to water improved digestibility only 
in the case of corn cobs. Treating filtrate with NaOH 
improved IVDMD except for alfalfa hay, but Na 2o2 had little 
effect. 
In vivo measurements were made based on these in vitro 
lab results. Three groups of four sheep each were fed 
isonitrogenously supplemented rations based on ground corn 
cobs ensiled with I-water, II-filtrate, III-filtrate + 3% 
NaOH (dry wt.). After a 10 day acclimation period, feces 
and urine were collected for 5 days. For I, II, II: in vivo 
digestibility was 63.7, 65.4, 67.8%; nitrogen digestibility 
was 69.9, 65.4, 67.8%; and nitrogen retention was 19.5, 18.3, 
15.8%. High variations between sheep made it obvious that 
the number per group was far too small, and the results may 
not be entirely valid. However, it is apparent that filtrate 
was utilized by the sheep, and since it allowed reduction by 
1/4 in the amount of supplemental soybean meal, its use is 
certainly attractive from an economic viewpoint. 
Type of 
Sample 
fresh 
manure*** 
unfiltered 
slurry 
filtrate 
< 500].1 
No. of 
Samples 
Analyzed* 
3 
6 
20 
TABLE I 
Properties of Manure Fractions 
% Dry 
Matter 
(DM) 
22.0 
±3.0 
7.4 
±1.0 
5.9 
±.8 
%Crude %of the Kj.Nitrogen 
Protein** 
(Kj.Nx6~) 
27.7 
±2.9 
36.4 
±2.1 
45.0 
±3.6 
NH4 
23.1 
±1.0 
33.7 
±4.0 
34.7 
±4.4 
N03 
less 
than 
.01% 
for 
all 
samples 
% Ash** 
13.2 
±1.0 
18.4 
±1.3 
23.1 
±3.0 
COD 
(lb/lb DM) 
1.68 
±.16 
1.52 
±.1"2 
1.57 
±.05 
* 
Except in the case of NH4 Nitrogen, for which the analogous numbers are 2, 3 and 11 respectively. 
** On a dry matter basis. 
*** 
Collection method is questionable. 
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OXYGEN TRANSFER FOR TOWER SYSTEHS 
Kenneth H. Hsu 
Kansas State University 
] 5 
Oxygen transfer is a basic requirement for any aeration system 
employed in fermentation or biological waste treatment. Oxygen is 
needed for the bacteria to grow and function properly. Hence, new means 
of promoting better oxygen transfer are certainly desirable. 
In this study two systems, sieve tray column and Koch mixer column, 
were investigated and compared with the bubble column for their oxygen 
transfer characteristics. The sieve tray column was basically a bubble 
column spaced by three sieve trays with hole diamter of 3)64 inch and 3% 
open area, The Koch mixer column consisted of bubble column and three 3 
inch tall Koch static mixers (BY typel), All columns used were 3 in. 
I.D. and had a volume of 3.664 liters. Basic experimental set-up for 
the bubble column system is shown in Fiqure 1. An oxygen-water system 
is used in this work. 
Dissolved oxygen concentration was measured in the inlet storage 
reservoir and at the top of the column close to the outlet under steady 
state cocurrent flow conditions. No oxygen concentration differences 
could be detected between the column outlet and a distance of about 
5 in. from the outlet. Also, the dissolved oxygen concentration was 
measured across the column cross section, and no radial concentration 
gradient was observed. 
Values of the mass transfer coefficient, KLa, were calculated by 
assuming the plug flow model, This only provided an estimation of KLa 
since the flow characteristics of the systems were not investigated. 
Fiqure 2 shows the calculated KLa values at a liquid flow rate of 78 1/hr. 
At low gas flow rates, KLa for both the sieve tray column and Koch mixer 
column were substantially higher than that of the bubble column. In 
general, KLa increased as the gas flow rate increased. 
Another method for comparing the oxygen transfer characteristics of 
the systems is the oxygen transfer efficiency, in terms of lbs. of Oz 
transferred/hp.hr. In this case, no models have to be assumed and the 
dissolved oxygen data can be used directly to calculate the amount trans-
ferred. The results of these calculations are shown in Fiqure 3. at a 
liquid flow rate of 78 1/hr. At low gas rates, the efficiency for the 
sieve tray column and that for the Koch mixer column almost doubled that 
of the bubble column. At high gas flow rates, the oxygen transfer 
efficiencies were almost identical for the three systems; this is 
because saturation is approached. The high gas flow rates also provided 
more turbulence and mixing so that the effects of the mixers and trays 
were less pronounced. 
1 Koch Static Hixer Bulletin KSH-2. 
16 
In conclusion, one may say that both the sieve tray column and Koch 
mixer column systems are superior to the bubble column system with 
respect to oxygen transfer. 
Acknowledgement: Work partly supported by NSF Grant GK-34693 and Koch 
Engineering Co. 
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HYDOLYSIS OF SUCROSE BY INVERTASE 
IMMOBILIZED ON HOLLOW FIBERS 
20 
Raymond c. Eliason 
Department of Chemical Engineering 
University of Nebraska - Lincoln 
Lincoln, Nebraska 68508 
This is part of a continuing study into the hydrolysis 
of sucrose by invertase immobilized to the walls of hollow 
fibers~ a ~ortion of which was presented in last year's 
sympos~um. 
Hollow fibers have been employed to immobilize enzymes 
because of their high surface area, low pressure drop, ease 
of fabrication into a reactor system, and because they allow 
permeation of specific species through their walls, which 
could prove to be an effective means of purification. In 
this case, their use allows an attempt to verify the work of 
Katz2, who developed a theory whereby measurement of cup-
mixed average concentrations of the effluent of a hollow 
tube laminar flow reactor as a function of residence time 
could be made to yield the kinetic expression for the reaction 
occurring at the tube wall. Furthermore, this could be done 
even in the pres~nce of a fairly small rate of molecular 
diffusion. Chun showed using computer simulation that the 
Katz method was very sensitive to error in the experimental 
data, but could still be used effectively under certain 
conditions. 
To meet these conditions and thereby determine the 
reaction kinetics of the specific system employed here, which 
is in every way analogous to this theoretical model, it was 
necessary to find a system where the enzyme was stable to 
removal or denaturation and had a reaction rate comparable in 
magnitud~ to the radial diffusion rate in the tubes. 
Williams attempted to do this with invertase, which 
catalyzes the hydrolysis of sucrose to glucose and fructose, 
and the following section is a summary of his work. 
Based on experimental studies by Kay and Lilly5 , he 
chose 2-amino-4, 6-di.chloro-s-triazine as a chemical linking 
agent. Cellulose acetate hollow fiber bundles manufactured 
by Dow Chemical and commercially marketed as dialyzers 
(osmolyzers) were used as reactors. The invertase was bound 
to the inside of the fibers. Nominal physical characteristics 
of the individual hollow fibers are O.D.--180-230 microns, 
wall thickness--25 microns, length--18 em, with a molecular 
weight cutoff for osmosis of 300. The osmolyzers contained 
912 such fibers, for a total area of 1000 cm2, and a volume 
of ca. 4.2 cm3. 
------------------------ ----------
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The following is the procedure used to· activate the 
carrier and·bind the enzyme: (a} Activation: After 
preparing the binding agent from cyanuric chloride and 
ammonia (40% yield), 6 g were dissolved in 300 ml of 10% 
acetone in water. (This represented the maximum allowable 
acetone concentration to prevent dissolution of acetate 
fibers). This solution was passed through the tubes for 8 
minutes at 1 ml/min after which the effluent was washed with 
a solution of partially neutralized Na2co3 and circulated 
another 20 minutes at 50°. At the end of this period the pH 
was lowered to below 7 and the tubes were washed with water. 
(b) Binding: An aqueous solution of invertase (10 mg/ml, 
Sigma grade VI, 160 units/mg) in a pH 7 0.1 M citrate-
phosphate buffer was allowed to circulate 3 hr, then the 
tubes were stoppered and the remaining dissolved enzyme 
allowed to stand in them at 4° for an additional 12-15 hr 
(Figure 1--Method 1) • 
The kinetics of the bound enzyme were measured by a 
polarimeter following the rate of hydrolysis (and correspond-
ing optical inversion) of sucrose to glucose and fructose. · 
Reaction samples were either quenched with base or analyzed 
immediately. Kinetic runs consisted of measurements over 
the range of flow rates while the initial sucrose concentration, 
pH, and temperature were held constant. 
Initial concentration was roughly 1% sucrose by weight, 
which was low enough for the assumption of constant physical 
properties to be made, yet high enough so that it remained 
many times greater than the apparent Michaelis constant (at 
conversions less than SO%) so the reaction was zero order. 
In all eleven runs were made, the first six using the 
chemical binding procedure previously outlined. In runs 7 and 
8 the carrier ·was pretreated with base to hydrolyze the 
acetate groups to yield cellulose, thus providing more active 
sites. Runs 9 and 10 were made with cellulose acetate and 
the more reactive linking agent cyanuric chloride. Invertase 
was added to the washed osmolyzer in run 11 without any 
chemical linking agent. Under all conditions there was loss 
of activity both when passing solvent and substrate through 
the reactor and with storage. 
A pH-activity profile was prepared using citrate-phosphate 
buffers of varying pH. A graphical comparison of the bound 
enzyme with the free enzyme6 showed maximum activity was 
between a pH of 5.-5 and 6.0, or about 1 pH unit more basic 
than the free enzyme. The experimental results show that 
invertase bound on cellulose acetate loses reactivity rapidly 
either through washout or through denaturation. Initial 
reactivity losses seem primarily as a result of washout. 
Whether the enzyme is ionically attached or loosely chemically 
bound and is stripped away by the shearing effects at the wall 
was not discerned by the experiments. 
From the results it was concluded that invertase 
chemically coupled to hollow tubes of cellulose acetate was 
ineffective in meeting the criteria of the Chun analysis. 
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For this size tube the inversion of sucrose takes place so 
slowly as to become reaction controlled so diffusion could 
be neglected. After the conclusion of Williams' work, Smith 
and Lenhoff? reported a method for covalently binding 
protein and enzymes to cellulosic carriers so that the 
enzymes retained high specific activity. The stability and 
activity problem with which Williams was faced will hopefully 
be overcome by the use of this new technique. 
The optimal conditions for activating the carrier with 
cyanuric chloride were found to be:7 (a) 15 min pretreatment 
of cellulose with 3 M NaOH, (b) immediate reaction with 5% 
(w/w) recrystallized cyanuric chloride in dioxane-xylene 
(1:1 w/w) for 30 min at room temperature under acidic 
conditions, and (c) dry activated carrier was hydrated in 
buffer and the protein or enzyme was added (Figure 1--Method 
2). A summary of the basic differences in the two immobili-
zation procedures is shown in Table I. Extensive investiga-
tion on immobilized glucose-6-phosphate dehydrogenase showed 
that (a) over 80% of the specific activity of the enzyme was 
retained; and (b) the pH optimum and Km values were not 
altered significantly from that of the free enzyme. The 
authors report that the binding method has been applied 
successfully to hexokinase, phosphorylase and pronase, but 
did not report any results with invertase. Their method will 
be used here to bind invertase to cellulose hollow fibers. 
Even these changes in support materials or methods of 
attachment will not guarantee the system will respond with a 
faster rate of reaction. Three adjustments that could be 
made to move the inversion of sucrose into the diffusion 
controlled region include (1) an increase in the reactor tube 
diameter, (2) an increase in temperature (with obvious limits 
to avoid degradation of the invertase), or (3) an increase in 
the specific activity of the enzyme by purification. 
23 
References 
1. R.J. Williams, Proc. 3rd Kansas State-Nebraska Biochem. 
Eng.~., (L.T. Fan-and L .. E. Erickson, eds.), Kansas 
State Un1versity, Manhattan, p.l3 (1973). 
2. s. Katz, Chem. Eng. Sci., 10, 202 (1959). 
3. C-H. Kim Chun, Ph.D. Thesis in Chemical Engineering, 
University of Nebraska (1971). 
4. R.J. Williams, M.S. Thesis in Chemical Engineering, 
University of Nebraska (1973). 
5. G. Kay and M.D. Lilly, Biochim. Biophys. Acta, 198, 276 
(1970). 
6. P. Monsan, FEBS Letters, 16, 39 (1971). 
7. N.L. Smith and H.M. Lenhoff, submitted for publication 
(197 3) . 
TABLE I 
Differences in Immobilization Procedures 
REACTANTS (Activation Reaction) 
Kay and Lilly: carrier--cellulose acetate (Williams) 
chemical linking agent--2-amino-4,6~dichloro-s-triazine 
Smith and Lenhoff: carrier--cellulose pretreated with NaOH 
chemical linking agent--cyanuric chloride(trichloro-s-triazine) 
Note that cyanuric chloride is more reactive, and both cellulose and cyanuric 
chloride have more available binding sites than cellulose acetate and 
2-amino-4,6-dichloro-s-triazine. 
SOLVENT (Activation Reaction) 
Kay and Lilly: solvent--acetone-water (1:9 v/v) 
Low solubility of 2-amino-4,6-dichloro-s-triazine. 
Smith and Lenhoff: solvent--xylene-dioxane (1:1 w/w) 
No solubility problems. 
pH (Enzyme Binding Reaction) 
Kay and Lilly: pH--buffered at 7.0 
Smith and Lenhoff: pH--buffered at 5.0 
Non-hydrolytic reaction most favorable relative to hydrolysis at or near this pH 
(using cyanuric chloride as the binding agent). 
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SINGLE-CELL PROTEIN FROM PHOTOSYNTHETIC BACTERIA 
Robert Shipman 
Kansas State University 
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A growing concern for the acute food needs of the world's expanding 
population has led to the examination of a variety of unconventional food 
sources. An important food source recognized in recent years are Single-
Cell Proteins. Single-Cell Protein (SCP), by definition, refers to the 
cultivation of microorganisms and the substitution of whole cells or 
protein extracts as alternate sources of fOod. 
, Historically, people have consumed microorganisms for centuries in 
alcoholic beverages, breads, cheeses, yogurts, soya sauces, and other 
varieties of fermented foods. Algae harvested from the surface of ponds 
have been used as food for many centuries by people of the Chad Republic 
of Africa and by early inhabitants of ancient Mexico. More recently, 
the United States, Japan, Taiwan and many European countries have focused 
their attention on the development of systems for large-scale algae 
cultivation. The first attempt to produce SCP on a commercial scale for 
nutritional use occurred in Germany pr,ior to the end of WWI. As much as 
16,000 tons of Torula yeasts, annually produced from waste sulfite liquor, 
were used by Germany during WWII to supplement other sources of protein 
in short supply. 
Some of the advantages realized from the large-scale cultivation of 
microorganisms as additional sources of food are mentioned below. 
(1) Microorganisms are capable of growing very rapidly. The generation 
time for many microorganisms varies from several hours to only 
minutes. 
(2} Microorganisms usually contain significant amounts of vitamins 
and proteins ( yeasts and al~ae approx. 40-60%; bacteria approx. 
60-80% ). In many instances, industrially important by-products 
such as antibiotics, enzymes and hormones can also be recovered from 
the spent fermentation broth •. 
(3) Microorganisms can be adapted to grow on a variety of different 
substrates and under a variety of conditions. 
(4) Strain improvement of food microorganisms through genetic modifi-
cation, selective cultivation or induced mutation may readily be 
accompli shed. (5) SCP production, for the most part, is neither dependent on geo-
graphic location nor climate. Typical SCP production occurs on a 
year-round basis in large-scale submerged fermentations in which 
operating conditions and microbial growth are carefully controlled. 
Any organism could be considered as a potential source of protein 
provided it is capable of satisfyinq certain criteria for safety, nutrition 
and economical production. Factors weighing heavily on the choice of a 
suitable organisms for SCP production include: the nature of the substrate, 
the rate of microbial growth, ease of cultivation, ease of harvesting, 
nutritional properties, and potential food uses. 
Potential substrates for producing SCP are as numerous as the many 
organisms used for their diaestion. Many food and industrial waste 
-1-
27 
products are widely available; some are even regarded as sources of food 
themselves. Examples of substrates for SCP production include, fruit 
wastes, cereal grains, potatp starch wastes, whey, yeast autolysates, 
cannery wastes, brewing wastes and meat processing wastes. Such materials 
as waste sulfite liquor, molasses, whey, corn steep liquor and starches 
for many years have been used in industrial fermentations and are presently 
being used for the production of SCP. 
One carbohydrate source which is ubiquitous in nature and has been 
receiving considerable attention in recent years for the production of SCP 
is cellulose. The major problem associated with utilizing this material for 
the growth of microorganisms is the initial conversion of cellulose to 
metabolizable sugars. Presently it is economically unfeasible to convert 
this material at costs competitive with other more readily available 
fermentable carbohydrates. 
Significant attention in recent years, in terms of world attention, 
has been drawn to processes which utilize hydrocarbons or petrochemicals 
as sole energy sources for the production of SCP. During this time, an 
active discussion continues as to the relative merits of carbohydrates 
versus hydrocarbons as potential carbon sources for the production of 
SCP. The feasibility of either carbohydrates or hydrocarbons as substrates 
is largely governed by the cost associated with the substrate and the 
availability and size of the local market. Despite the Energy Crisis and 
the rising shortage of crude oil, in certain countries throughout the 
world, crude oil is still readily available at a relatively low cost. The 
development of processes for growing microorganisms on various crude 
oil fractions in these countries would greatly expand the opportunities 
for increasing the world 1s food supply. In other parts of the world, 
molasses, cassava, fruit and vegetable wastes and other sources of crude 
sugars are readily available. In, these countries, large quantities of 
crude carbohydrate materials, which at the present are not fully 
utilized, could be made available at low or negative costs as substrates 
for the production of SCP. 
Although SCP production from hydrocarbons represents a potential 
solution for alleviating the world 1 s food shortage, it is not without 
its serious problems •. Despite comparatively greater microbial yields 
on hydrocarbons than on carbohydrates, rising costs for crude oil and 
petroleum fractions, higher operational costs, higher energy require-
ments, greater cell-product separation difficulties and significantly 
higher capital investments are factors which weigh heavily on the 
future of hydrocarbon-based SCP processes. 
If microbial proteins are to contribute to man•s food supply, there 
must be sufficient standardization and reproducibility of production 
technology to ensure a biomass of constant oroperties and secondly, 
there must be no toxic substances in the biomass which could in any way 
have adverse effects on human or animal health. In hydrocarbon-based 
SCP processes, the presence of hydrocarbon residues closely associated 
with cellular membranes significantly hinders the recovery and purifi-
cation of microbial proteins. Certain compounds present in petroleum 
fractions are known carcinogens; these toxic residues must be completely 
removed from the final product in order for the product to be considered 
safe for animal or human .consumption. 
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With regards to toxtc substances within microbial cells, nucleic 
acids are generally not regarded as toxic substances but rather, as 
physiological ones with certain limits. Apart from toxicological consider-
ations, there is a limit to the amount of nucleic acids which should 
be introduced into human diets. In man, nucleic acid purines are excreted 
primarily as uric acid. A few susceptible individuals have a genetic 
tendency to over-produce uric acid and a still smaller number have renal 
defects in eliminating uric acids. In these individuals, elevated serum 
levels of uric acid mlY increase the risk of gout, and increased urinary 
concentrations of uric acid may result in the formation of kidney stones. 
Currently available information suggests that not more than two grams 
of nucleic acid should be introduced daily into human diets. 
As nutritional sources of protein, SCP has been incorporated into 
a variety of food products such as breads, pastries, macaroni, dehydrated 
soups, sauces, sandwich spreads, teconstitutable beverages and imitation 
dair.v products. In these applications, the addition of SCP has resulted in 
substantial improvement of the nutritive value of these products without 
detriment to taste or texture. In addition, SCP can un~ergo a variety of 
textural modifications into crispy or chewy structures in which cell walls 
are lysed and soluble proteins are extracted and spun into protein fibers. 
The number of food uses for SCP is limited only by imagination, safety 
and economics. 
The most important biological process on earth is perhaps photosynthesis; 
the process whereby photosynthetic plant and bacterial cells convert 
sunlight into the necessary chemical energy, ATP, required for cellular 
biosynthesis. The photosynthetic process of plants and algae differs consider-
ably from that of photosynthetic bacteria. Plants and algae, in their 
metabolism, split water to provide :the reducing power for cellular synthesis 
and produce oxygen as a by-product:1Unlike plants and algae, photosynthetic 
bacteria obtain their reducing power from constituents of their environment 
such as hydrogen.sulfide and organic compounds and do not evolve oxygen 
as an· end-product of their metabolism. · 
With the energy shortage looming in the foreground, recent attention 
has shifted to the production of SCP from photosynthetic microorganisms. 
Investigative efforts at Kansas State University since 1971 have been 
concerned with the production of SCP from photosynthetic bacteria.* 
Photosynthetic bacteria are widely encountered in varying climatic 
zones throughout the world as natural inhabitants of polluted ponds, 
rivers and reservoirs. Photosynthetic bacteria are especially predominant 
in stagnant ponds, sewage ditches and other polluted water sources 
abounding in decaying organic matter. 
Physiologically, ·photosynthetic bacteria actively participate in the 
carbon cycle by synthesizing cellular material via carbon dioxide fixation. 
* Department of Chemical Engineering project under the direction of 
Dr. L. T. Fan. 
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Nitrogen fixation, another important aspect of photosynthetic metabolism, 
enables these bacteria to grow in areas of little or no nitrogen and to 
enrich the medium with bound nitrogen compounds. 
In waters heavily polluted with decaying organic material, a sufficient 
amount of hydrogen sulfide is generated which is not only toxic to many 
forms of aquatic life, but is also partly responsible for the disagreeable 
odor associated with decaying organic waste. Photosynthetic bacteria 
participate directly in the sulfur cycle by metabolizing hydrogen sulfide 
into sulfate. Bioconversion of toxic sulfide levels into sulfates thus 
permits the growth and development of many aquatic plant and animal organisms 
as well as the removal of objectionable odors. 
Photosynthetic bacteria are represented by a rather large number of 
species differing in morphology, pigmentation and p~siological char~ 
acteristics. On this basis photosynthetic bacteria can be divided into 
three main genera: the Thiorhodaceae, Athiorhodaceae and Chlorobacteriaceae. 
The Thiorhodaceae or purple sulfur bacteria are obligate anaerobes, 
photoautotrophic, and are capable of oxidizing hydrogen sulfides and 
other inorganic compounds in their metabolism. The Athiorhodaceae or 
purple nonsulfur bacteria include representatives of the photohetero-
trophic bacteria; organisms requiring specific organic compounds for 
their growth. Some species of nonsulfur bacteria are facultative aerobes 
and can grow aerobically indark conditions. The Chlorobacteriaceae or 
green sulfur bacteria are easily distinguished by the composition of 
their pigments. They resemble the purple sulfurs in being obligate 
anaerobes. They are capable of oxidizing hydrogen sulfide and other 
sulfur compounds in their metabolism. 
The chlorophyll pigments of photosynthetic bacteria, termed bacterio-
chlorophylls, are responsible for transferring solar energy into 
chemical energy (ATP) for cellular biosynthesis. In addition to 
bacteriochlorophylls, photosynthetic bacteria also contain numerous 
other accessory pigments called carotenoid pigments. These pigments 
function essentially as light-gathering pigments in tranferring light 
energy to bacteriochlorophylls. In addition, the carotenoid pigments 
also protebt the bacteriochlorophylls from harmful photo-oxidation as the 
result of elevated light intensities. 
In recent years, this facility has been seeking solutions related 
to the treatment and utilization of animal wastes as well as possible 
solutions to the energy crisis. A potential solution relating to the 
utilization of animal wastes involves the cultivation of photosynthetic 
bacteria in livestock manure processing wastes and their subsequent 
use as a protein-rich animal feed supplement. 
The success of implementing SCP into animal feeds or incorporating SCP 
into human foods depends on its ability to compete economically and 
nutritionally with conventional foods. Food products prepared from microbial 
proteins should not only be safe from any toxic resfdues, but should be 
equivalent to or exceed conventional foods. Finally, food products 
prepared from microbial proteins should be highly acceptible to the 
consumer ;·in taste, color and texture. 
Introduction 
STABILITY OF COMMENSALISTIC SYSTEMS 
Peter J. Reilly 
Department of Chemical Engineering 
University of Nebraska-Lincoln 
Lincoln, Nebraska 68508 
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This paper is the fourth presented at these symposia to 
deal with aspects of two-species symbiotic cultures. In 
1971 Chaol from Nebraska discussed steady-state and transient 
data for a chemostat system where Acetobacter suboxydans 
oxidized mannitol to fructose and Saccharomyces carlsbergensis 
oxidized fructose to carbon dioxide and water. The complete 
findings of this project are published elsewhere.2 In 1972 
Young3, also of Nebraska, formulated models that were meant 
to explain Chao's transient data, in which oscillations in 
both substrate and both microbial concentrations occurred 
after the fied rate to the chemostat was changed. In 1973 
Heydweiller of Kansas State analyzed Chao's steady-state 
data and concluded that all but the data of the flow rate 
closest to washout conformed to Monod kinetics. He suggested 
that at this highest flow rate the bacteria and yeast escaped 
washout by growing on the walls of the chemostat. 
The study reported here was inspired by Chao's transient 
data and eventually became a inquiry into the stability 
characteristics of commensalistic systems in which different 
types of feedback and feedforward inhibitions and activations 
could be a~ded. A more complete account will be published 
elsewhere. 
Pure Commensalistic Model 
A simple commensalistic model that employs Michaelis-
Menton kinetics and the assumption that the nutrient for the 
dependent species is produced with no loss of y.ield from the 
nutrient for the independent species is the following: 
dXl 
(lll - D) xl 
111maxsl 
x 1 - DX 1 dt = = Kls + sl 
(1) 
dX 2 (ll 2 - D) x2 
11 2maxs2 
x 2 - DX 2 dt = = K2s + S2 
(2) 
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ds1 D(Slo - s ) - 11 1X1/YXl (3) dt = 1 
DS - DS -
11 1max sl xl 
= 51 ,Yxl lo 1 Kls + 
dS 2 
-DS + 11 1X1/YXl - ll2X2/YX2 {4) dt = 2 
-DS + 
11 lmax sl xl 11 2max s2 x2 
= Yxl - YX2 2 Kls + sl K2s + 52 
where 
xl = concentration of independent species 
x2 = concentration of dependent species 
sl = concentration of substrate for independent species 
s2 = concentration of substrate for dependent species {produced by independent species) 
A Taylor expansion of these four equations may be 
obtained for small perturbations about the steady-state point 
(where both species are present) to yield a 4 x 4 character-
istic matrix whose eigenvalues are all real and negative. 
This indicates that no oscillations of regular period can 
occur after small perturbations, though up to three aperiodic 
overshoots and undershoots are possible6. 
Computer simulations of this system were obtained 
starting with random deviations of initial values of x1 , x2 , 
s 1, and s 2 about the stationary point. Travel of x1 and s 1 to 
the stationary point was that reported by Koga and Humphrey.? 
So long as the initial value of x 2 was well above or well 
below its steady-state value, response of x 2 or s 2 was not 
different in any essential manner from that of x1 or s 1 
commencing at the same initial values, with no more than one 
overshoot or undershoot. 
Far more complex behavior occurred when the initial 
value of x2 was set at its final value. Four different 
patterns emerged after simulations were conducted with the 
initial values in Table I. Figure 1 demonstrates the 
response of x2 and s 2 in Case A. Responses of Cases B, C and 
D were similar. In Case E, where initial values of x1 and 
s1 were set at their final values, x2 and s 2 behaved as if 
they were the only variables and there;ore followed the 
pattern reported by Koga and Humphrey. A third pattern is 
shown by Figure 2 for Case F. The fourth and most complex 
response pattern is that presented in Figure 3 for Case G, 
where s2 crossed its steady-state value three times, the 
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maximum theoretically allowed. Cases H and I yielded almost 
identical phase plane plots, though one fewer overshoot 
occurred. 
Commensalistic Models with Activation and Inhibition 
To investigate the effect of activators and inhibitors 
on the system, equations for specific growth rate were 
formulated as follows: 
~imax s. 1 ~· = I./K. 1 1 K. + s. + K. 1S 1 1S ~ 1 
(5) 
~jrnax s. ~jArnax A. 
~· = J + J J K. + s. KjA + A. JS J J 
(6) 
where 
i ~ j 
i = 1,2 
j = 1,2 
Inhibitors and activators were assumed to be produced by the 
species they did not affect in a similar fashion to the cells 
themselves. In some cases it was assumed that the inhibitor 
or activator could be metabolized by the affected species. 
With these considerations 20 different models exhibiting 
feedback from the dependent species to the independent were 
possible. A qualitative determinat~o~ of their stability by 
the conditions of Quirk and Ruppert ' indicated that none 
were guaranteed to be stable after small perturbations from 
steady state. 
The response of all 20 models to a step change in dilu-
tion rate after a steady-state had been attained was observed. 
In general models where feedback inhibition occurred were less 
stable than those with feedback activation. If the feedback 
agent were metabolized by the independent species, response 
was less stable than if the agent were not metabolized. Only 
three models yielded periodic oscillations, and in all cases 
an inhibitor was produced by the dependent species and metabo-
lized by the independent. Limit cycles occurred in a model 
that in addition possessed a activator produced by the 
independent species and not broken down by the dependent 
species (Figures 4 and 5). This last model at values of 
~ 2Amax too low to cause limit cycles shows limited agreement 
with the transient data of Chao and Reilly. 2 
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In passing, it may be noted that when feedback inhibi-
tion occurred, a stepup led to stable operation at higher 
dilution rates than if no inhibition were present. This 
occurred because inhibitor concentration decreased after the 
stepup. This may, though it cannot be proved, explain Chao 
and Reilly's stable operation above the critical dilution 
rate calculated by Heydweiller.4 
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TABLE I 
Initial Valuations for Perturbation of Pure Commensalistic Model 
Initial Value of xl Initial Value of sl 
2 2 Case X 10 1 g_/liter X 10 1 ~/liter 
A 2 2 
B 2 1 
c 2 0.5 
D 0.99 2 
E 0.99 1 
F 0.99 0.5 
G 0.5 2 
H 0.5 1 
I 0.5 0.5 
For each case: 
-2 Initial value of x 2 = 0.98 x 10 g/liter 
-2 -2 -2 Initial values of s 2 = 2 x 10 , 1 x 10 , 0.5 x 10 
g/liter 
D = 0.1 hr -1 Stationary point: 
slq = 1.0 g/liter xl = 0.99 X 10-
2 g/liter 
0.2 -1 x2 J.llmax = hr = 0.98 X 10-
2 g/liter 
0.2 -1 sl 10-
2 g/iiter J.l2max = hr = 
Kls = 10-
2 g/liter s2 = 10-
2 g/liter 
K2s = 10-
2 g/liter 
YXl = 10-
2 g cells/g substrate 
YX2 = 10-
2 g cells/g substrate 
1.01,.-----.--------------------, 
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fiGURE 3 
Phase Plane Plot for Case G 
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FIGURE 4 
Response of X1 to a Dilution Rate 
Step Change at Varying Levels of ~2A 
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FIGURE 5 
Phase Plane Plot for X2 and S2 
at Varying Levels of ~2A max 
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